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Abstract
The beam-beam interactions in the LHC can be the driving force for non-linear resonances. These
interactions are localized around the interaction points and therefore have periodic components
which can suppress or enhance certain resonances. This has been analysed by studying the
harmonic decomposition of the beam-beam interactions, taking into account both eects, i.e.
long range and head on interactions. The consequences of symmetry breaking eects such as
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1 Introduction
It is well-known that for non-linear resonances the azimuthal distribution of the
driving distortions around the circular accelerator is important, in particular when the
perturbations are periodic or have periodic components. This can lead to the suppression
or enhancement of certain resonances and this is usually taken into account in the design
of a machine.
The beam-beam eect in the LHC [1] can be the driving force for non-linear reso-
nances of high order as well as the source of other eects which can limit its performance
[2, 3, 4, 5]. The strengths of these beam-beam eects can depend on the periodicity of
the LHC, i.e. the relative position of the beam-beam interactions in the ring. A periodic
structure of the beam-beam interactions can enhance or suppress certain resonances or
other eects such as beam-beam induced orbit distortions. It has been seen however, that
this suppression or enhancement is very sensitive to small errors and imperfections as
well as breaking the symmetry [9]. A prominent example is the suppression (degenera-
tion) of coherent modes in an unperturbed machine but breaking this symmetry leads to
the appearance of many additional modes which can potentially become unstable [7, 8].
An analysis of this suppression can be performed by studying the harmonic de-
composition of the beam-beam interactions. The beam-beam interactions in the LHC are
further complicated because the bunches do not only collide head-on in the collision point,
but also experience long range interactions in the common part of the vacuum chamber
[2]. Although each of these long range interactions is relatively weak, their large number
(up to 25 - 30 per interaction point) and the dierent phases at their occurrence can
strongly break the symmetry of the machine, even if the head-on collisions are perfectly
symmetric.
In this report I shall study this suppression starting with an ideal, symmetric ma-
chine and successively introduce symmetry breaking eects such as phase advance errors
and long range interactions.
One could hope that the choice of the periodicity can reduce the strength of some
beam-beam driven resonances.
A further feature of the LHC which has implications on the periodicity is the struc-
ture of the bunch train in the ring. The bunches do not form a continuous train but have
gaps for injection and beam abort. This implies a rather complex collision scheme where
not all bunches experience the same beam-beam forces. The consequences are so-called
PACMAN and SUPER-PACMAN bunches and the eect of the LHC periodicity on these
bunches is discussed in detail.
2 Beam-beam resonances and symmetry
2.1 General considerations and collision schemes
In the LHC one has to consider two dierent types of beam-beam interactions. Of
the rst type are head on collisions in the centre of the experimental areas. These areas
are usually in symmetry points of the circular machine and therefore always exhibit a
certain periodic component and a rather high degree of symmetry. The second type of
interactions are long range interactions which occur in the common part of the vacuum
chamber around the collision points where the two beams are separated but the bunches
of one beam still experience the electromagnetic elds of the opposing beam. The number
of these long range interactions and their location depend on the bunch spacing and the
geometrical layout of the interaction region. For the present spacing of 25 ns they occur
every 3.75 m in the whole region between the separation magnets on both sides of the
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collision point. Their strengths depend on the crossing angle and the optical layout of
the interaction region [2]. Since they occur in a region where the betatron phase changes
quickly, their sequence is not periodic in phase which results in a breaking of the symmetry.
The degree of this breaking depends on the precise values of the phase advance and the
strength of the long range interaction. Their strengths depend on the separation and the
bunch intensity which can vary slightly from bunch to bunch. Furthermore, the two-in-one
design of the dipole magnets and the resulting asymmetric insertion breaks the left-right
symmetry of the long range interactions [5, 6]. All these eects can be taken into account
by introducing a more complicated collision scheme where all beam-beam interactions,
i.e. head on and long range interactions, are mapped into the azimuthal phase around the
machine and their harmonic composition is analyzed.
2.2 Resonance suppression factor
The width of a beam-beam driven resonance is a measure for its strength and the
change of this width due to imperfections etc. can become important.
If one considers a collider with more than one interaction region, this width is always
modied: the Fourier components of the driving term, i.e. the beam-beam kicks, must be
calculated. Depending on the harmonic content of the distortion certain resonances can
be suppressed or enhanced.
Since the beam-beam interactions are local distortions, their Fourier decomposition
is rather straightforward and for N local distortions (e.g. beam-beam kicks at interaction
points, where all head-on and long range interactions have to be considered individually)

























where N is the number of interaction points, 
i
the azimuthal position of the i
th
interaction
points in the range between [0, 2], and n is the azimuthal harmonic considered. (E.g. n
= 492 for 7th order and 843 for 12th order resonance for a tune of 70.28)
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The resonance suppression factor S
n
can then be used to calculate the correct width
of the resonance. However, the exact knowledge of the actual numerical value of the
resonance width is not required to study the eect of the machine symmetry on the reso-
nances. It is sucient to calculate the enhancement factors S
n
for the relevant harmonics
and compare them for the dierent congurations because the "basic" resonance width
for a single interaction is not changed.
2.3 Unperturbed, symmetric machine
I shall start the discussion with a fully symmetric, unperturbed machine. i.e. no
imperfections, in particular no phase errors and no long range interactions. Two cases are
considered: two collision points in opposite positions in the ring and four collision points
equally distributed around the ring (Fig. 1), i.e. the phase dierence between the collision
points is exactly one fourth of the tune. The beam-beam kicks at these collision points
are considered identical and head-on. The tune value I have considered in this example
1)
The integer part of the tune has been changed recently after this analysis was performed but this does








Figure 1: Arrangement of two (four) collision points with complete twofold (fourfold)
symmetry
is 70.28, i.e. for the 7th order resonance the relevant harmonic is 492. The resonance
suppression factor S around this harmonic is plotted in the Figs. 2 and 3. The observation
Figure 2: Resonance suppression factor for full twofold symmetry
one can make is that in the case of a complete twofold symmetry every second harmonic
is suppressed while every other harmonic is enhanced by a factor of two. In this case
the eects from the two interaction points add coherently. These gures and most of
the following are shown around the harmonic of the 7th order resonance (492) but the
qualitative picture is independent of this choice.
In the case of a fourfold symmetry every fourth harmonic is enhanced by a factor of
four while all harmonics in between are suppressed. This is qualitatively true for all other
symmetric congurations with higher degrees of symmetry. This is the reason why a high
degree of symmetry is usually desired. Therefore, the careful choice of the working point
allows, together with a periodic structure, to suppress certain harmonics although this
may be at the expense of an enhancement of other harmonics for resonances of dierent
order.
2.4 Weakly broken symmetries
The full symmetry observed for two collision points in Figs. 1 and 2 is already bro-
ken when the two collision points are not at opposite positions in the machine. In Fig.
4 I have shown such arrangements where the two collision points are separated by one
fourth and one eighth of the circumference. Although the symmetry is not complete it
will still exhibit the underlying basic fourfold or eightfold structure and therefore I shall
call the symmetry "weakly" broken. The suppression factor S is shown for these two con-
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Figure 4: Arrangements of two collision points with partial fourfold and eightfold symme-
tries
gurations in Figs. 5 and 6. It can be clearly seen that like in Fig. 3 every fourth (eighth)
harmonic has a maximum enhancement of a factor of 2. However, unlike the previous
cases, the other harmonics are not completely suppressed: only one of the intermediate
harmonics has the full suppression while the other harmonics have intermediate values.
The fourfold (eightfold) symmetry is still visible but the degree of symmetry is reduced
and consequently the suppression factors.
To be more quantitative and to simplify the classication I shall dene three quanti-
ties: the symmetry angle 
s
, the periodicity P and the symmetry class C
s
. The symmetry
angle is the largest azimuthal angle which, if applied a nite number of times, can trans-
form any azimuthal position i from equation (1) into any other position. In practice this is
the greatest common denominator of the phases 
i
. The symmetry class is then the num-
ber of times the angle 
s
has to be applied to obtain an identical image of the azimuthal





With the knowledge of P and C
s
it is already possible to derive some global features
of the harmonic structure. In the examples above the periodicity was 4 and 8 and the
symmetry angles were 2  0:250 and 2  0:125, respectively. The symmetry classes were 4
and 8 in those cases. This symmetry class C
s
is a measure for the strength of the breaking
in these simple cases: the smaller the symmetry class, the weaker is the breaking of the
symmetry and more harmonics are completely suppressed. The symmetry class C
s
can
assume values between 1 and P. A value of C
s
= 1 means full symmetry. For a symmetry
class of 1 all harmonics are suppressed except the ones which are fully enhanced (Figs. 1,
2 and 3 are examples for symmetries with C
s
= 1). While the periodicity determines the
sequence of harmonics with full enhancement, the symmetry class measures the "lling
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Figure 5: Resonance suppression factor for partial fourfold symmetry (two collision points)
Figure 6: Resonance suppression factor for partial eightfold symmetry (two collision
points)
up" of the harmonics between the maxima. The best resonance suppression is therefore
achieved for large P and small C
s
. However, if the periodicity P and N, the number of
azimuthal positions, do not have a common denominator, none of the harmonics can be
suppressed for symmetry reasons and C
s
assumes its maximum value of P. This is also
true if any of the phases is an irrational number in which case a periodicity cannot be
dened.
Another typical example for a weakly broken symmetry is shown in Fig. 7 where an
arrangement of four experiments is made with a weakly broken fourfold symmetry. Such
an arrangement is a likely scenario if the LHC is equipped with four experiments. In this
case the periodicity is p = 8 and the symmetry class is also 8, the suppression is therefore
bad.
A better arrangement is shown in Fig. 8. In this example the symmetry class is much
smaller, C
s
= 4, and the suppression is visible: every second harmonics is still suppressed.
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Figure 8: Arrangement of four collision points and suppression factor, C
s
= 4
2.5 Symmetric machine with phase advance errors
For the discussion on eects of phase errors I shall return to a collision scheme
with full twofold symmetry (Fig. 1). The results and their interpretation are similar for
other symmetries or if the symmetry is weakly broken and the underlying symmetry is
not important for the argumentation. A phase advance error is introduced by changing
the phase advance in the two arcs between the collision points by a small amount and
the suppression factor (1) is recalculated. The harmonics are extremely sensitive to rather
small phase errors, especially when resonances of high order have to be considered (n =
492 for 7th order and 703 for 10th order resonance). The higher the tune of the machine,
the more sensitive the harmonic distribution is to phase arrors.
As an illustration, I have plotted in Fig. 9 the resonance suppression factor S for
a complete twofold symmetry but a relative phase error of 10
 4
between the two arcs.
Such a phase error is realistic and errors of this order and larger have been measured in
LEP. The result is again a broken symmetry and no more harmonics can be seen where
the suppression is complete. The original twofold symmetry is still clearly visible. The
enhancement is also smaller than the maximum factor 2 and in the limit of completely
broken symmetry (i.e. randomly distributed distortions) all harmonics would assume a
value of
p
2 for this particular example.
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Figure 9: Resonance suppression factor for full twofold symmetry but with phase error of
10
 4
between the interaction points
A phase error superimposes an overall "periodicity" or beating which is determined
by a "symmetry angle" corresponding to the phase error. Since this symmetry angle is in
general very small, the resulting beating periodicity is very large.
2.6 Symmetric machine with long range interactions
The next step leading to further breaking of the symmetry is the introduction of
long range interactions. This is done by adding additional beam-beam interactions in
equation (1) clustered around the two head on collisions in the azimuthal phase. Although
the head on and long range interactions do not drive the same resonances, the model
may be slightly simplied but not unrealistic. In a rst step all long range interactions
are assumed to occur at the same phase and with the same strength. Their strength
is weaker than the head on collision and should be adjusted such that the integrated
strength of all long range collisions is comparable to the head on strength, which is a
good approximation for the LHC. This phase is assumed to be 94
0
from the central
collision point which is a good approximation for the average of the long range interactions
which happen in the drift space and the nearby focussing quadrupoles. This is shown in
Fig. 10. These gures show the suppression factors for a large range of harmonics to
illustrate the overall beating of the harmonics amplitudes. The relative strengths of the
long range interactions is increasing in the four plots (no long range interactions in the rst
plot, the suppressed harmonics are not visible in this gure as the resolution is not good
enough). With increasing contribution from the long range interactions one can observe a







the relative strength is increased further an additional structure becomes visible.
The next Fig. 11 shows the suppression factor when the long range interactions are
treated individually and occur at small phase dierences between each other plus a small
phase error between the two collision points. For these gures the long range and head on
contributions are adjusted to be comparable to the situation at the LHC. The structure
with a "symmetry" of 270 is again visible but with an additional slow modulation. Looking
at the details one nds that the suppression of the harmonics is practically not existing
and it is probably impossible to rely on suppression eects in such a case. In particular
since other eects such as unequal intensities of the bunches further break the symmetry.
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Figure 10: Suppression factor for twofold symmetry with clustered long range interactions.
Relative strength of long range interactions is increasing.
Figure 11: Suppression factor for twofold symmetry with clustered long range interactions
and phase error
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In the next Fig. 12 I have nally chosen a symmetry which is presently considered
for the LHC with two experiments for high luminosity and two additional experiments
for heavy ion collisions and B-physics. The phases between the collision points are the
theoretical values without additional errors. The interaction points IP1 and IP2 are exactly
IP 1
IP 2
IP 3 IP 4
Figure 12: Resonance suppression factor for present LHC symmetry without long range
interactions
opposite in the machine but the phase dierences to IP3 and IP4 are rather arbitrary.
The completely irregular phase advance between the interaction points breaks strongly
the symmetry and the average suppression factor of 2 (
p
N = 4) is already visible (the
phase dierences are very "irrational").
Finally, in Fig. 13 long range interactions are introduced and the additional beating
is observed in the wide range display. In the detailed display the structure appears very
Figure 13: Resonance suppression factor for present LHC symmetry with long range in-
teractions. Large range of harmonics and details.
irregular and one cannot hope to achieve a good suppression even by a very careful choice
of the working point. Restoring a symmetry by changing the phases of interaction points
IP3 and IP4 would make the resonance behaviour more predictable.
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3 PACMAN and Super-PACMAN bunches
A rather important feature of the LHC is the existence of so-called PACMAN
bunches. In the LHC each of the two beams consists of a train of bunches. These bunches
are spaced by 25 ns. However, the nite rise time of the injection and extraction kickers
of the injectors require small gaps without bunches in the train. Another large gap is
necessary for the abort system. The lling scheme is shown in Fig. 14. The lling scheme
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= 127 bunches (beam dump)
Total:  729 bunches missing
Figure 14: LHC bunch train with gaps for kicker rise time and abort gap
of the two beams is symmetric and normally a bunch in one beam will always meet an-
other bunch at all head-on and all long range interactions. Bunches near the gaps will
meet the corresponding bunches at the head-on collision, but may encounter a gap at
the parasitic collision points. This is unavoidable since the long range interactions do not
occur in a symmetry point of the machine. These bunches have therefore an irregular
collision scheme with fewer long range interactions. The actual number of interactions for
Figure 15: Distribution of number of long range interactions for bunches
a given bunch depends on its position in the train and the distance from the gap. The
distribution of the number of long range interactions for all bunches is shown in Fig. 15.
This is obtained from a simulation of the entire collision scheme in the whole machine
assuming two interaction regions opposite in azimuth and the lattice version 4.1. On each
side of the interaction point 15 encounters are assumed and therefore a total of 60 long
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range beam-beam interactions. It can be seen that only about two third of the bunches
are nominal bunches, i.e. have all long range interactions.
4 Super-PACMAN bunches and symmetry
The existence of the large gap for the beam abort system has additional conse-
quences. The bunch train is arranged such that the bunch positions in the large gap
meet the equivalent positions in the gap of the opposing beam. However, this can only
be fully achieved if the LHC has a complete one- or twofold symmetry. For any higher
symmetry some bunches will meet empty positions in some of the interaction points and
consequently these bunches experience fewer of head on collisions.
As the strength of a head on collision is large compared to individual long range in-
teractions, this is a rather drastic eect. These bunches we call SUPERPACMAN bunches
to distinguish from the normal PACMAN bunches where only the long range interactions
are dierent. Fewer head on collision do not only result in a smaller number of bunch
crossings in some of the collision points, i.e. lower luminosity, but also in a dierent
beam-beam tune shift and spread and should be avoided if possible. In case a symmetry
of four is chosen (see Figs. 1 and 4) a second large gap can be introduced artically to
restore the symmetry. For an eightfold symmetry (e.g. Fig. 3) four gaps would be needed
with an already signicant loss of luminosity. In general, the symmetry properties of the
bunch train lling scheme and the layout of the collision points should be matched.
More precise, the degree of symmetry for the collision layout should be twice the
degree of symmetry in the bunch train. This becomes impractical when the periodicity
of the machine is very high. Such a case is a longitudinally displaced collision point in
one interaction region as foreseen for a dedicated LHC experiment. In that case also
bunches near the other, smaller gaps are aected. The number of gaps required to avoid
all SUPERPACMAN eects is so large that the luminosity would decrease by two orders
of magnitude. They are therefore unavoidable and other means, such as a reduced bunch
intensity, have to be considered to minimize this eect.
5 Orbit eects and symmetry
When the beam-beam kick for separated beams is evaluated, one can identify a




















This kick changes the closed orbit of a bunch depending on the separation and the bunch
intensity [7]. In principle this orbit eect can be corrected with horizontal closed orbit
correctors. However, only the mean orbit can be corrected that way. Bunches which receive
dierent kicks will circulate on dierent orbits. The bunches in the beams receive dierent
kicks because of dierent bunch intensities and dierent beam-beam interactions which
occur at dierent places with dierent optics parameters.
5.1 Orbit eects for PACMAN bunches
This is especially true for the PACMAN bunches which, in the extreme cases, expe-
rience only about half the number of nominal long range kicks. The orbit separation for
these bunches cannot be corrected with conventional orbit correctors.
For more than one interaction point the contributions from the dierent collisions
can either add together or partially compensate each other. For a given working point this
11
depends on the integer part of the tune and also on the periodicity. It has been shown
[7] that this separation can become as large as one  at the interaction point when the
phase advance between the interaction points is very unfavourable. This eect has to be
taken into account when new working points are considered or additional collision points
are introduced.
5.2 Orbit eects for twofold symmetry
One particular case should be treated where the symmetry is twofold (Fig. 1). To a
rather good approximation the long range interactions happen approximately at a phase
distance of 90
0
from the collision point. One can now evaluate the orbit change at the
collision point symmetric to the point where the interactions occur. Assume the overall
tune is Q, then the phase dierence between the kicks and the other collision point is:






the orbit change therefore becomes:




i.e. the orbit at the symmetric collision point is not aected, independent of the tune Q
! This is a priori a surprising result from which one should try to prot. It is not true
for other symmetries and to minimize these orbit eects a twofold symmetry would be
therefore highly desirable.
6 CONCLUSIONS
The implications of a periodic structure of the beam-beam interactions for beam-
beam induced eects in the LHC were examined and the following conclusions were found:
{ The suppression of certain harmonics of non-linear beam-beam driven resonances is
possible but the symmetry breaking eects such as long range interactions, phase
errors etc. make a reliable compensation eect very dicult, in particular when
several high order resonances have to be considered. However, a conserved symmetry
helps to make the behaviour more predictable.
{ Orbit eects caused by the beam-beam interaction depend strongly on the underly-
ing symmetry and for a given symmetry on the overall tune of the machine. Again,
it is easier to evaluate and predict these eects for a symmetric machine.
{ For a machine with full twofold symmetry the orbit eects are strongly suppressed
in the two collision points and such a symmetry is therefore desirable.
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